MASTER  COPY 


KEEP  FOR  REPRODUCTION  PURPOSES 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  NO.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comment  regarding  this  burden  estimates  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlin^on,  VA  22202-4302,  ana  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Project  (0704-0188),  Washington,  DC  20503. 


1 .  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 


4.  TITLE  AND  SUBTITLE 

Analytical  Investigations  of  the  Acceleration 
Sensitivity 


6.  AUTHOR(S) 

Harry  F.  Tiers ten 


7.  PERFORMING  ORGANIZATION  NAMES(S)  AND  ADDRESS(ES) 

Rensselaer  Polytechnic  Institute 
Troy,  NY  12180 


5.  FUNDING  NUMBERS 


DAAH04-94-G-0345 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U  S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,,  NC  27709-2211 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 


ARO  33079  a-PH 


11.  SUPPLEMENTARY  NOTES 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  be  construed  as 
an  official  Department  of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


1 2a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  unlimited. 


1 3.  ABSTRACT  (Maximum  200  words) 


I  12  b.  DISTRIBUTION  CODE 


1 997021 0  112 


A  wMtwiw  of  disdoct  treatments  oi  transversely  varying  thickness  modes  in  comotired 
quartz  lescmatorswidi  beveled  edges  have  been  performed,  hi  the  &st  two  of  fltese  treatments  the 
conditit^s  at  the  firee-edge  of  the  resonator  were  ignosed.  The  first  of  the  two  eu^loyed 
rectangular  cocsdinates  while  the  second  employed  the  more  soitaMe  cylindrical  cooccUnaus.  In 
rtift  tlwYt  the  dfiminarn  condition  at  die  fiee-edgetrf  die  cylindrical  jesonalor  was 

inchided,  This  latter  treatment  resulted  in  an  analydcal-comixitatioDalpKOQedufe  for  the  esdmatkn 
ctf  the  diameter  required  fiar  a  good  resrmator.  In  other  weak  fce  influence  of  an  asymmetric  air- 

(continued  on  reverse  side) 


14.  SUBJECT  TERMS 


15.  NUMBER  IF  PAGES 


Acceleration  Sensitivity,  Bulk  Waves,  Surface  Waves, 

Acoustic  Waves,  Quartz,  Contoured  Resonators,  Trapped  Energy,  1 16.  PRICE  CODE 
Beveled  Edges  _  | _ 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 
OR  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

UNCLASSIFIED  UNCLASSIFIED  UNCLASSIFIED  UL 


NSN  7540-01-280-5500 


i 


Standard  Form  298  (Rev.  2>89) 
Prescribed  by  ANSI  Std.  239-18 
298-102 


on  transversely  varying  thickness  nxjdcs  in  quartz  trapped  energy  lesonalcrs  was  determined 
and  the  equation  for  transversely  varying  Aickness  modes  was  TnnrtifieH  to  account  for  the  gap.  In 
dififecent  wtxk  the  similarities  and  differences  in  the  analytical-conqiataticMal  deso^don  of  dte 
acceleration  sensitivities  of  acoustic  bulk  and  surface  wave  resonators  were  noted  compared. 


FINAL  REPORT 


1 .  ARO  PROPOSAL  NUMBER:  33079-PH 

2.  PERIOD  COVERED  BY  REPORT:  1  September  1994  -  30  September  1996 

3.  TITLE  OF  PROPOSAL:  Analytical  Investigations  of  the  Acceleration  Sensitivity _ 

of  Acoustic  Bulk  and  Surface  Wave  Resonators - 

4.  CONTRACT  OR  GRANT  NUMBER:  DAAH-94-G-0345 _ 

5.  NAME  OF  INSTITUTION: _ Rensselaer  Polytechnic  Institute _ 

6.  AUTHOR(S)  OF  REPORT: _ Harrv  F.  Tiersten _ 

7.  LIST  OF  MANUSCRIPTS  SUBMITTED  OR  PUBLISHED  UNDER  ARO  SPONSORSHIP: 

1.  "An  Analysis  of  Contoured  Quartz  Resonators  with  Beveled  Cylindrical  Edges",  J.  S.  Yang 
and  H.  F.  Tiersten,  Proceedings  of  the  1995  IEEE  International  Frequency  Control 
Symposium.  IEEE  Catalog  Number  95  CH  3575-2,  Institute  of  Electrical  and  Electronics 
Engineers,  New  York,  727-739  (1995). 

2.  "The  Influence  of  an  Asymmetric  Air  Gap  on  the  Vibration  Characteristics  of  Quartz  Trapped 
Energy  Resonators",  H.  F.  Tiersten,  Proceedings  of  the  1995  IEEE  International  Frequency 
Control  Symposium.  IEEE  Catalog  Number  95  CH  3575-2,  Institute  of  Electrical  and 
Electronics  Engineers,  New  York,  740-745  (1995). 

3.  "On  the  Accurate  Description  of  Piezoelectric  Resonators  Subject  to  Biasing  Deformations", 
H.  F.  Tiersten,  International  Journal  of  Engineering  Science,  33,  2239-2259  (1995). 

4.  "Transversely  Varying  Thickness  Modes  in  Trapped  Energy  Resonators  with  Shallow  and 
Beveled  Contours",  H.  F.  Tiersten,  B.  J.  Lwo  and  B.  Dulmet,  Journal  of  Applied  Physics,  M. 
1037-1046  (1996). 

5.  "Similarities  and  Differences  in  the  Analytical  Descriptions  of  the  Acceleration  Sensitivities  of 
Acoustic  Bulk  and  Surface  Wave  Resonators",  H.  F.  Tiersten,  Proceedings  of  the  1996  IEEE 
International  Frequency  Control  Symposium.  IEEE  Catalog  Number  96  CH  35935,  Institute 
of  Electrical  and  Electronics  Engineers,  New  York,  430-438  (1996). 

6.  "The  Influence  of  the  Free  Edge  on  the  Vibration  Characteristics  of  a  Contoured,  Beveled 
Cylindrical  Quartz  Resonator",  J.  S.  Yang  and  H.  F.  Tiersten,  Proceedings  of  the  1996  IEEE 
International  Frequency  Control  Svmpo.sium.  IEEE  Catalog  Niunber  96  CH  35935,  Institute 
of  Electrical  and  Electronics  Engineers,  New  York,  657-664  (1996). 

8 .  SCIENTinC  PERSONNEL  SUPPORTED  BY  THIS  PROJECT  AND  DEGREES  AWARED 
DURING  THIS  REPORTING  PERIOD: 

Harry  F.  Tiersten 

Jiashi  Yang  -  Research  Associate 

Lidu  Huang  -  Research  Assistant 


BRIEF  OUTLINE  OF  RESEARCH  FINDINGS 


An  analysis  of  transversely  varying  thickness  modes  in  contoured  quartz  resonators  with 
beveled  cylindrical  edges  has  been  performed.  The  radial  dependence  of  the  eigensolution  in  the 
inner  electroded  region  was  obtained  by  the  method  of  Frobenius  and  in  the  outer  unelectroded 
region  by  means  of  an  asymptotic  expansion  about  a  point  just  outside  the  edge  of  the  electrodes. 
The  resonant  frequencies  of  some  harmonics  and  anharmonics  of  SC-  cut  quartz  resonators 
including  a  TCXO  were  calculated  along  with  the  motional  capacitance  of  harmonics  and 
anharmonics  which  have  no  angular  difference.  Comparisons  were  made  with  an  earlier  treatment 
in  which  a  rectilinear  approximation  was  made.  The  influences  on  the  mode  shapes  of  both  the 
inner  and  outer  radii  of  curvature  of  the  contours  and  the  portions  over  which  each  was  operative 
were  exhibited. 

An  analysis  of  the  influence  of  an  asymmetric  air  gap  on  transversely  varying  thickness 
modes  in  quartz  trapped  energy  resonators  was  performanced.  The  thickness-dependent  problem 
that  transforms  the  inhomogeneity  from  the  electrodes  into  the  equation  for  transversely  varying 
thickness  modes  was  identified  and  solved.  It  was  shown  that  the  asymmetry  of  the  gap  has  no 
influence  on  either  the  resonant  frequencies  or  motional  and  static  capacitances  of  the  resonators 
and  only  the  mean  value  of  the  gap  does.  The  equation  for  transversely  varying  thickness  modes 
was  modified  to  account  for  the  gap. 

The  advantage  and  importance  of  using  rotationally  invariant  nonlinear  electroelastic 
equations  for  the  description  of  piezoelectric  resonators  subject  to  biasing  deformations  (even 
homogeneous  thermal)  was  shown^.  This  is  a  result  of  the  fact  that  the  general  nonlinear 
description  and  even  its  linear  limit  can  be  referred  to  reference  coordinates,  to  which  an 
intrinsically  linear  description  cannot.  As  a  consequence,  when  the  nonlinear  description  or  its 
linear  limit  is  employed,  the  influence  of  biasing  states  (even  homogeneous  thermal)  can  be 
determined  without  ever  finding  the  biased  geometry.  Examples  of  the  additional  accuracy 
obtained  with  this  description  were  given. 

An  analysis  of  transversely  varying  thickness  modes  in  trapped  energy  resonators  with 
shallow  and  beveled  contours  and  rectangular  electrodes  has  been  performed.  The  influence  of 
both  the  contouring  and  the  continuity  conditions  at  the  edge  of  the  electrodes  was  included  in  the 
treatment.  It  was  shown  that  the  treatment  should  be  used  for  contoured  resonators  with  ordinary 
contours  operating  in  the  fundamental  mode  when  the  electrodes  are  of  relatively  small  size.  The 
results  indicate  why  and  when  the  analysis  for  the  contoured  resonator  which  ignores  the 
continuity  conditions  at  the  electrode  edges  works  as  well  as  it  does.  It  is  shown  that  the  treatment 
is  applicable  to  the  harmonics  of  a  beveled  resonator  if  the  circle  of  intersection  of  the  inner  and 
outer  contours  is  replaced  by  the  circumscribed  square.  The  influence  of  the  radii  of  curvature  and 
domain  of  the  inno*  and  outer  contours  on  the  mode  shape  was  exhibited. 


The  similarities  and  differences  in  the  analytical  description  of  the  acceleration  sensitivities 
of  acoustic  bulk  and  surface  wave  resonators  have  been  noted  and  summarized^.  The  importance 
and  advantages  of  the  use  of  finite  deformation  theory  over  infinitesimal  deformation  theory  for  the 
accurate  prediction  of  the  behavior  of  both  precision  resonant  devices  was  noted.  It  was  noted  that 
with  such  a  description  the  influence  of  biasing  states  can  be  determined  without  ever  finding  the 
biased  geometry.  It  was  noted  that  the  very  useful  equation  for  the  accurate  calculation  of  the 
perturbation  in  eigenfrequency  due  to  a  bias  was  obtained  from  the  nonlinear  description.  The 
detailed  analytical  descriptions  of  the  mode  shapes  of  both  surface  wave  and  contoured  resonators 
were  presented  and  contrasted. 

The  influence  of  the  free  edge  on  the  vibration  characteristics  of  a  contoured,  beveled 
cylindrical  quartz  resonator  has  been  studied^.  The  associated  analytical  problem,  which  had  been 
treated  in  earlier  work,  had  to  be  reconsidered.  The  new  treatment  differs  from  that  of  earlier  work 
in  that  the  dominant  condition  at  the  edge  of  the  resonator  is  satisfied  and  the  approximation  made 
earlier  in  the  beveled  annulus  is  not  made  in  the  new  treatment,  in  which  the  solution  is  exact.  An 
analytical  procedure  for  the  determination  of  the  required  diameter  for  a  good  resonator  was 
identified  and  calculated  results  were  compared  with  earlier  work. 


